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C^") ' The heavy quarkonium cc and bb resonances have a rich spectroscopy with numer- 

, ous narrow 5, P, and D-wave levels below the production threshold of open charm 

and beauty mesons. The mass predictions for these states are an important test 
s ! ' of QCD calculations. We review some recent work describing the production of 

C ~ ) ' missing %(nS), l 3 Dj(fefe) and l 1 Pi(cc) and l 1 Pi(66) states. 

a: 

O ^ The recent discovery of a D-wave bb state by the CLEO collaboration 1 

and the discovery of the rj c in B — * rf c K by the BELLE collaboration 2 have 
brought heavy quarkonium physics to the forefront. The CLEO collabora- 
tion continues to take data at the T(3<S) and T(2S), and the B-factories' 
observation of charmonium states in B decay has led to the hope that some 



X 



?-h ' of the missing cc states may be observed in B decay. At the same time, 

advances in lattice QCD calculations of the heavy quarkonium spectra are 
leading to quantitative predictions which need to be tested against experi- 
ment 3 . With these developments, we expect a much better understanding 
of heavy quarkonium. We summarize some recent work describing the pro- 
duction of missing l 3 Dj(bb), rj b (nS) and l 1 Pi(cc) and l 1 Pi(66) states 4 ' 5 ' 6 . 

Although 3 Di states can be produced in e + e~ collisions this approach 
requires substantial statistics owing to the small coupling of the 3 Di(bb) 
to the photon and the effects of line smearing. Another approach is via 
the electromagnetic cascades T(35 l ) — > jx'b ~* 77 3 A/- Using quark model 
estimates of both El dipole transitions and decays to final state hadrons 7 
we estimate the number of events for 47 cascades that proceed via various 
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intermediate states 4 with the dominant cascades listed in Table 1. We ex- 
pect a total of <~ 38 events per 10 6 T(3S')'s to be produced via 3 Dj states. 
A substantial background will be 4j cascades proceeding via the 2 3 5i state 
which will also produce ~ 38 events per 10 6 T(3S)'s. These events can be 
separated from those with l 3 D/s by taking advantage of the different inter- 
mediate photon energies. The CLEO collaboration successfully employed 
this strategy for the first observation of a triplet T(1D) state 1 . 



Table 1. Predicted numbers of some 4-y e+e cas- 
cade events per 10 6 T(35) decays. From Ref. [4]. 



Cascade 


Events 


S 3 ^! ->■ 2 3 P 2 ->■ 


I'D, 


-> 1 3 P 2 


^l 3 5x 


7.8 


3 3 .Si ->■ 2 3 P 2 ->■ 


1 3 D 2 


-» l 3 Pi 


-> l 3 .Sl 


2.7 


3 3 .Si -+ 2 3 Pi -► 


1 3 D 2 


-> l 3 Pi 


-v l 3 5i 


20 


3 3 .Si ->■ 2 3 Pi ->■ 


l 3 Di 


-> l 3 Pi 


- l 3 5i 


3.3 



The T)b(nSys can be produced via the magnetic dipole (Ml) transitions 
T(nS) — ► rjb(n' S) + 7 5 . The available phase space for allowed transitions 
(principal quantum number is unchanged) is small resulting in a small par- 
tial width. The hindered transitions (principal quantum number changes) 
have large available phase space but in the nonrelativistic limit the overlap 
integral is zero owing to the orthogonality of the initial and final wavefunc- 
tions. However, relativistic corrections from the hyperfine interaction lead 
to differences in the 3 Si and 1 S wavefunctions resulting in a non-zero over- 
lap. The branching ratios for T(nS) — > r/b(n'S)^f are given in Table 2. With 
these BR's we expect to be produced at a substantial rate. Another 
possible production process for rib's is T(3S) — > hb^P^mr — ► r/b+'f+Trir 9 -' 10 . 
The BR for T(3S) -> h^P^irir is expected to be 0.1-1 % while the BR 
for /i&( 1 Pi) — > 77;, + 7 is estimated to be ~ 50%. 

To produce the x Pi cc and 6& states we start by considering the electro- 
magnetic cascade 6 ; 

T(3S) ^ Vb (2S) + 7 - + 77 - + 777 (1) 

Quark model estimates of the branching fractions give 6 r [rjb(2S) — > 
/ib(lP) + 7] = 2.3 keV and r[7 ?fc (2 1 S'o) -> 53] = 4.1 ± 0.7 MeV. Combining 
the resulting branching ratios for B[T(3S) — ► rj h + 7] and — ► + 7] 
gives B[T(3S) — > r^7 — ► /1&77] = 2.6 x 10~ 7 resulting in only 0.3 events 
per 10 6 T(3S')'s. Similarly, B[i/>(2S) -> fa -» /i c77 ] = 10~ 6 or 1 event 
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Table 2. Branching ratios of Ml 
transitions between n 3 5i and n n So 
bb levels taking into account rela- 
tivistic corrections. From Rcf. [5] 
using wavcfunctions from Rcf. [8]. 





Transition 


B(10- 4 ) 


T(35) 


-> 3^0 


0.10 




- > 2 1 5 


4.7 




I 1 So 


25 


T(25) 


-> 2 1 S 


0.21 






13 


T(15) 


- l^o 


2.2 



per 10 6 ip"s. A more promising possibility utilizes the hadronic decay 
T(35 f ) — > 7rl 1 Pi which is estimated to have a BR of around 0.1% 10 : 

T(3S) -*h b (lP) + ir^r) b (lS) +7 + 7T (2) 

The radiative and hadronic widths of the states given by Rcf. [6] 
r[ft 6 (lP) rj b (lS) + 7] = 37 keV and T[h b (lP) 559] = 50.8 keV. 
Combining the branching ratios in this decay chain yields P[T(35) — > h b + 
tt° -> %+77T°] = 4x 1CT 4 resulting in 400 events per 10 6 T(35)'s. Similarly 
B[i[)(2S) -> /i c + 7T° i] c + 7tt°] = 3.8 x 10 -4 . In both cases it appears 
that the l x Pi should be produced in sufficient numbers to be observed. 
The recent Belle observation 2 of the r/ c (2S) in B — > ij c (2S)K also offers the 
possibility that the h c can also be observed in B decay. 
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